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EFFECTS OF SURFACE ACTIVE AGENTS ON DROP SIZE, 
TERMINAL VELOCITY, AND DROPLET OSCILLATION 
IN LIQUID-LIQUID SYSTEMS 
by 
A.H.P. Skelland, Sally Woo and George G. Ramsay 
Chemical Engineering Department 
Georgia Institute of Technology 
ABSTRACT 
Drop size, terminal velocity, and the onset of oscillation of 
organic drops falling through water were determined in systems 
containing anionic, cationic, or nonionic surfactants. Surfactant 
concentration, nozzle diameter, and nozzle velocity were varied to 
cover the range of most industrial applications of drop formation 
from circular orificies in the nonjetting region. 
Existing correlations for drop size and terminal velocity in 
uncontaminated systems are shown to be adequate in the presence of 
surfactants when used with the diminished value of interfacial 
tension. The applicability of criteria for the onset of oscillation 
in pure systems to those containing surfactants is examined. 
INTRODUCTION 
Much effort has been spent studying drops in liquid-liquid 
systems. Most of this work, however, has been done with "pure" or 
"nearly pure" components, whereas actual applications often contain 
significant contamination and this results in uncertainty about 
applying laboratory correlations to industrial systems. The purpose 
of this paper is to develop some "rules of thumb" about the 
effectiveness of some of these correlations in the presence of 
surfactants (SAA). 
Because the area available for mass transfer is so important, the 
sizes of drops formed in the presence of surfactants were compared 
with those predicted by Scheele and Meister's (1968) correlation for 
uncontaminated systems. 
It has long been known that surfactants decrease terminal 
velocity (and mass transfer) by inhibiting internal circulation 
(Garner and Skelland, 1955). The present study attempts to quantify 
this effect by comparing the terminal velocity of contaminated drops 
with predictions from Klee and Treybal's (1956) equations. 
Schroeder and Kintner (1965) showed that drop oscillation greatly 
increases the rate of heat and mass transfer. Criteria for the onset 
of ocillation are given by Hu and Kintner, 1955; Klee and Treybal, 
1Q56; Johnson and Braida, 1957; Edge and Grant, 1971; and Grace et 
al, 1976. The applicability of these criteria in the presence of 
surfactants is investigated. 
EXPERIMENTAL 
The experimental apparatus included a constant head 50 ml buret, 
fitted with various sizes of glass nozzle via a ground glass joint. 
The tip of the nozzle was submerged in a solution of water and 
surfactant, and chlorobenzene was placed in the buret and allowed to 
form drops at the inner edge of the nozzle tip. A constant flowrate 
was maintained by placing a narrow glass tube down most of the length 
of the buret and forming a tight seal at the top with a rubber 
stopper (see for example Skelland and Wellek, 1964). 
Eleven nozzles were used with internal diameters ranging from 
0.0064 cm to 0.5527 cm. The anionic surfactant was dodecyl sodium 
sulfate, the cationic surfactant was dodecyl pyridinium chloride, and 
the nonionic surfactant was phenoxy polyethoxyethanol; all were 
dissolved in the aqueous phase. Figure 1 shows the effects of 
concentration of surfactant on interfacial tension, as measured by 
Harkins and Brown's (1919) drop weight method. Onset of droplet 
oscillation was determined both visually and by the location of the 
maxima in the plots of u t vs. d o in Figures 4a and 4b. 
DISCUSSION 
Drop volumes were predicted by using the diminished value of 
interfacial tension (due to the presence of surfactant) in 
Scheele and Meister's equation, given below. 
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Runs for the pure system showed good agreement with 
equation (1) except when d o was below the range used by Scheele 
and Meister (0.0813 cm to 0.688 cm). For do less than about 
0.06 cm equation (1) showed an increasing tendency to 
underpredict as do became smaller and even gave a negative value 
for V when do was 0.0064 cm. Also the only two runs with do of 
0.0137 cm, which used the anionic surfactant, gave negative 
predicted drop volumes. In order to make an accurate evaluation 
of equation (1), data outside the range used by Scheele and 
Meister were not included in the analysis. 
Because the interfacial tension at the edge of the nozzle 
during rapid drop formation is probably higher than that measured 
at equilibrium, it may be anticipated that predictions of such 
drop volumes from equation (1) using equilibrium values of 	(7— 
would be lower than the measued values. 
The mean deviation, defined as j (Vcal - Vexp )/nVexp and 
the mean absolute deviation, defined as 7> ivcal  - Vexp i/nVexp, L_  
were used to evaluate the data. Analysis of Scheele and 
Meister's original data showed a mean deviation of 6.3%, which 
indicates a tendency to overpredict, whereas the 219 runs in the 
presence of surfactants had a mean deviation of -5.0%, indicating 
a tendency to underpredict. Fortunately, the two trends tend to 
cancel each other and this is illustrated by the fact that the 
original authors had a mean absolute deviation of 11.0% whereas 
the mean absolute deviation in the presence of surfactants was 
11.5%. These results are shown in Figure 2. 
Analysis of variance indicated that the type of surfactant 
has little effect on the calculation of drop volume from 
equation (2). 
(2) d 	= 0.33 '2" pc  
The criterion for critical drop diameter for the beginning of 
droplet oscillation developed by Klee and Treybal (1956) is 
and the terminal velocity u t is given by 
L'. ut = 38.3 
For d < d p pc 
(3) 
ut = 17 . 6 
c, E r. 	
' 
(4) 
for d > d 
P 	Pc 
The diminished values of interfacial tension due to the 
presence of surfactants were used where applicable in comparing 
these equations with our measurements. 
For equation (3) the mean absolute deviation in the presence 
of surfactants was 5.43%, whereas the mean absolute deviation for 
Klee and Treybal's data was 4.15%. Our 34 runs for this equation 
were not sufficient to draw any conclusions about the effect of 
different surfactants. 
For equation (4) the mean absolute deviation in the presence 
of surfactants was 4.45% for the 191 runs, whereas the mean 
absolute deviation for Klee and Treybal's data was 2.82%. 
Analysis of variance indicated that the type of surfactant had no 
effect on the calculation of ut with equation (4). 
The mean deviations for equations (3) and (4) were -4.13% and 
-3.05%, respectively. This shows a slight additional reduction 
in terminal velocity beyond the accomodation provided by use of 
the diminished interfacial tension values due to SAA in equations 
(3) and (4). The results are shown in Figure 3. 
Next, the onset of oscillations in the presence of 
surfactants will be compared with several established criteria 
for pure systems. Figures 4a and 4b show that u t is at or near a 
maximum when d p equals d pc , whether surfactants are present or 
not. 
Hu and Kintner (1955) proposed that oscillations begin when 
N
We 	> 	3.58 	 (5) 
As shown in Figure 5, the Nwe at which oscillation starts 
increases as the concentration of surfactant increases and then 
passes through a maximum. For equation (5) the mean deviation 
was -23.4% and the mean absolute deviation was 25.9%. 
Klee and Treybal's criterion for the onset of oscillation is 
equation (2) and experimental results are shown in Figure 6. For 
the pure system equation (2) underpredicts the critical drop 
diameter. As the concentration of surfactant increases, the 
discrepancy between predicted and experimental values stays about 
the same for the nonionic, but decreases for the anionic and 
cationic surfactants. For equation (2) the mean deviation was 
-36.8 and the mean absolute deviation was 37.3%. 
Johnson and Braida (1957) proposed that oscillation starts 
when 
c.is 
NRe / N P 	> 	20 	 (6) 
The results, shown in Figure 7, are similar to those obtained 
from Klee and Treybal's criterion, except that at high 
concentrations of anionic and cationic surfactant equation (6) 
overpredicts the critical drop diameter. For equation (6) the 
mean deviation was -10.9% and the mean absolute deviation was 
16.M 
Edge and Grant (1971) proposed 
Po 	
0.162( 2' / 	.3 ) °.5 
	
(7) 
This is the only criterion for critical drop diameter that does 
not contain interfacial tension. Therefore, for all 
concentrations of surfactants, this equation predicted a critical 
drop diameter of 0.518 cm. Although the range of error is fairly 
large, equation (7) seems to lie near the middle of that range, 
as shown in Figure 6 and by its mean deviation of -0.6% and mean 
absolute deviation of 23.2%. 
Grace, Wairegi, and Nguyen (1976) established the criterion 
for onset of oscillation as 
H 	> 	59.3 	 (8) 
H = 4 N 	N.. 	Jf 	.v) 7 Eo 
The results of using equation (8) are illustrated in Figure 8. 
This correlation is actually very similar to that of Klee and 
Treybal as shown by its dimensional form 
— v, '5— 	—0 ‘t2 	o "3o 	p,..a...ct' 	
v,o 7 
dpc 	../
✓7 0.36 3c„ 	4 ./ - 1 „ 0 G 	0- ( - il , 7,41 ,y) 	(9) 
but gives better results than that of Klee and Treybal, as 
indicated by its mean deviation of -16.3% and mean absolute 
deviation of 20.2%. 
CONCLUSIONS 
Using the diminished value of interfacial tension due to the 
presence of surfactants in Scheele and Meister's equation for 
drop size gives results comparable to that of pure systems. The 
effect of type of surfactant on drop volume is small if any. 
Klee and Treybal's equations for determining terminal 
velocity seem to be roughly adequate when the dimished value of 
interfacial tension due to the presence of surfactants is used. 
The type of surfactant seems to have no effect on terminal 
velocity. 
Figures 4a and 4b show that u t is at or near a maximum when 
d equals d pc , whether surfactants are present or not. The 
effect of type of surfactant on the onset of droplet oscillation 
is small if any. Generally, as the concentration of surfactant 
increased, the actual dpc decreased faster than the predicted 
dpc 
 
Johnson and Braida's criterion for the onset of oscillation 
gave the least error but includes u t , which may have to be 
estimated in practice. Grace, Wairegi, and Nguyen's criterion 
seems to be the best, which is probably the result of the large 
amount of data upon which it is based. 
NOTATION 
C 	 concentration of surfactant, g/1 
d d d o ' p ' pc diameters of orifice, droplet, and droplet at onset of ocillation, cm 
F 	 Harkins and Brown's correction factor 
a g gravitational acceleration, cm/s 2 , gravitational 
constant 
n 	 number of runs, unitless 
NEo 
	 Eotvos number, gd 
NM 
	 Morton number, g // 
• 




NRe 	 Reynolds nymber, dP 	/ /(L. 
NWe 	 Weber number, d P • = 	/ 
, ut 	velocity of fluid through orifice, terminal 
velocity, cm/s 
Vp ' Vexp ' Vcal volume of droplet, experimental value value from Scheele and Meister equation, cm 3 
_P„ 	viscosity of continuous phase and of water, poise 
density of dispersed phase, continuos phase, and 
the difference between the two, g/cm' 
interfacial tension, dyne/cm 
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